Abstract-Because of the importance of durability against electromagnetic interference in modern life, the shielding effectiveness of a rectangular cavity with apertures on different sides irradiated by the plane electromagnetic wave is modeled in this paper. In the modeling process, the incident angle and the polarization angle of the plane electromagnetic wave are introduced, and the scattering voltage produced on the outer aperture is taken as the radiation source. The aperture is taken as the asymmetrical coplanar stripline and the rectangular cavity is taken as a rectangular waveguide with one end completely open and another end completely closed. The shielding effectiveness of any point in the cavity is calculated using transmission line theory. Compared to other authors before, this method improves the completeness of the model and computation speed which supplies good reference for engineering practice.
ing effectiveness of the rectangular cavity with the aperture irradiated by the plane electromagnetic wave [9] , [10] in 1996, but the higher order modes of the electromagnetic field in the cavity, the polarization angle, and the incidence angle were ignored in the model. T. Konefal introduced an intermediate-level circuit model method in 2005 [11] , but there are much more integral operations in the model which can increase the calculation time, and there is only one face with the aperture. F. A. Po'ad extended M. P. Robinson's model, and made the center of aperture free on the x-axis in 2006 (see Fig. 1 ) [12] [13] [14] . Following Farhana Ahmad Po'ad, Shi Dan extended the model further, made the center of aperture free on the x-and y-axes (see Fig. 1 ), and considered higher order modes of the electromagnetic field in the cavity in 2009 [15] , [16] . Recently, J. R. Solin proposed a method for the field excited in a perfectly conducting rectangular cavity with a small aperture by an external field acting on the aperture [17] , [18] . The simulation results verified the method.
The model is becoming more and more perfect with the deepening of research, but the calculation of shielding effectiveness has always been limited on the center line of the aperture in the cavity. In order to make the model closer to the actual conditions, the vertical incidence angle, horizontal incidence angle, polarization angle, and the material of the cavity are considered in the model, and the computation of the shielding effectiveness is extended to any point in the cavity. What's more is that the asymmetrical coplanar strip line theory used in the modeling of aperture frees CPU from wasting time on the integral operation in previous models. In order to meet the actual conditions better, the cavity with apertures on two different sides is considered in the model.
II. MATHEMATICAL FORMULATION
The vertical incidence angle of the plane electromagnetic wave is ψ, the horizontal incidence angle is φ, and the polarization angle is α. The dimensions of the rectangular cavity are a, b, d in x-, y-, z-axes, respectively. The length of the rectangular aperture in the plane x − y is l and the width is w. The length of the rectangular aperture in the plane y − z is l 2 and the width is w 2 . X and Y are the coordinate values of the aperture's center point in the x-and y-axes. Y and Z are the coordinate values of the other aperture's center point in the y-and z-axes (these two Y are the same). Points A and B are the center points of the aperture in the plane x − y and the aperture in the plane y − z, respectively. The point P is the intersection of the two center lines of the apertures in the cavity, as shown in Fig. 1 . The shielding effectiveness of any point in the cavity when there is no relation between the two apertures' center points will be given in the later section.
The diagram of the aperture in the plane x − y irradiated by the plane electromagnetic wave is shown in Fig. 2 . The model of the cavity with apertures on two sides irradiated by the plane electromagnetic wave can be taken as two submodels with one aperture on one side, and the shielding effectiveness of the point P on the center line of the aperture in the cavity can be solved by summing the effects of the two shielding effectiveness under the two submodels. Because the two submodels' derivation process is similar, the submodel with aperture in the plane x − y will be proposed only in this paper. The expression of the incident plane electromagnetic wave in the coordinate system O -x y z is:
As shown in Fig. 2 , taking k x = k y = 0 and k z = k 0 into (1) gives
Suppose thatĵ x ,ĵ y , andĵ z are the unit vectors in x -, y -, and z -axes of the coordinate system O − x y z respectively. 
The expression of the incident plane electromagnetic wave in the coordinate system O -xyz is (4) as shown at the bottom of the page.
The conversion relations between the coordinate systems O − x y and O − xyz are
A. Vertical Polarization Component
The face with the aperture is taken as transmission lines (coplanar strip lines) with impedance loads in the end. The total vertical polarization voltage in the coordinate system O x y is
where the voltage distribution (the scattering voltage) on the transmission line can be expressed using the Green function
The Green function of the voltage is
where x > is the bigger one between x and x s , and x < is the smaller one between x and x s . Define that δ = 2U (x − x s ) − 1, U(x − x s ) is the unit Heaviside step function. It follows that, δ = 1 when x > x s , and δ = −1 when x < x s . Because the aperture is seen as the coplanar strip line with constant loads and the dielectric layer is air, the propagation constant of the electromagnetic wave is γ = k 0 . The characteristic impedance of the aperture is Z 
where μ 1 and σ 1 are the permeability and electrical conductivity, respectively, of the cavity. So, the constant loads of the aperture are Z L 1 and Z L 2 , and the electric voltage reflection coefficients are
The distributed voltage source is (11) where k 0 = ω/c and k 0 w 1. c is the speed of light in free space. ω is the angular velocity. The lumped voltage sources
All the work previously mentioned is the derivation process of the voltage on the aperture in the coordinate system O − x y .
In the transmission line model of the rectangular cavity irradiated by the plane electromagnetic wave, the voltage is produced on the aperture. In general, the incident wave is too long to get into the cavity through the aperture, especially in the lowfrequency range. So, the scattering voltage is considered only in the modeling process. The scattering voltage V sca ⊥ (l/2) produced at the center of the outer aperture will be seen as the voltage source V S ⊥ , and the impedance of the outer aperture is seen as the source impedance Z ap ⊥ . The apertures can be modeled as the coplanar strip line, whose characteristic impedance can be given by Gupta theory [19] .
If the two coplanar strip lines have the same width (b 1 = b 2 ), the characteristic impedance of the aperture is
If the two coplanar strip lines do not have the same width (b 1 = b 2 ), then the characteristic impedance of the aperture is 
In order to calculate the impedance Z ap ⊥ of the rectangular aperture, the aperture is modeled as a pair of transmission lines with loads Z L 1 and Z L 2 at their ends. The loads are connected in parallel to the point A, and the distances between the ends and the point are l/2, as shown in Fig. 3 .
The impedance of the aperture is
Based on the Daviunan theorem, the equivalent voltage source and source impedance of the point P are shown as follows when there is an open circuit in the point P :
where Z L is the same as (9) . The voltage and current of the point P and the equivalent impedance from the point P to the end of the cavity are shown as follows:
When the modes of the electromagnetic wave are TE m n modes in the cavity, the characteristic impedance Z g and the propagation constant k g are [20] 
When the modes of the electromagnetic wave are TM m n modes in the cavity, the characteristic impedance Z g and the propagation constant k g are
where Z 0 and k 0 are the characteristic impedance and propagation constant of free space (k 0 = 2π/λ, Z 0 377 Ω). 
B. Shielding Effectiveness of the Intersection of Apertures' Center Lines in the Cavity
Suppose that the point P is the point on the center line of the aperture in the cavity; the voltages of the point P under TE m n modes and TM m n modes are
The electric field has to be continuous when it passes through the rectangular aperture. So, the coupling parameters in the electric field components under TM m n modes can be shown as follows based on the formulas between the mode voltage, mode current, and electromagnetic fields from [21] : 
Substituting the coupling parameters above into the electric field component formulas under TM m n modes, the electric field components can be shown as
Similarly, the coupling parameters in the electric field components under TE m n modes can be shown as follows: 
Substituting the coupling parameters above into the electric field component formulas under TE m n modes, the electric field components can be shown as follows:
where m, n = 0, 1, 2, 3 . . . , and m and n could not be zero simultaneously. Furthermore, the following relations hold:
The total electric field components of the point P are the sum of the ones under TE m n modes and TM m n modes:
Analogously, when the aperture lies in the y − z plane, the electric field components of the point P are E p 2x , E p 2y , and E p 2z , respectively:
(32) The shielding effectiveness of the point P on the intersection of the two center lines of the two apertures in the cavity is
where E p is the electric field strength of the point P when the cavity exists, and E p is the electric field strength of the point P when the cavity does not exist. This is the upper estimate of the field value and the lower estimate of the shielding effectiveness. The valid field value can be chosen for further more accurate estimate.
C. Shielding Effectiveness of Any Point in the Cavity
Similarly, the submodel of the cavity with aperture in the plane x − y is considered only. The electric field components of the point P on the center line of the aperture in the cavity under TE m n modes and TM m n modes are given above. If the z coordinate of the point P only changes, then the shielding effectiveness will be extended to any point Q. The points P and Q have the same z coordinate, so they have the same mode voltage and mode current. This means they have the same coupling parameters in the electric field components, but different trigonometric functions. So, the electric field components of the point Q in the cavity under TM m n modes can be derived based on the electric field components of the point P : 
The electric field components of the point Q in the cavity under TE m n modes can be derived based on the ones of the point P : 
The total electric field components of the point Q are the sum of the ones under TE m n modes and TM m n modes:
Analogously, when the aperture lies is in the y − z plane, the electric field components of the point Q are E q 2x , E q 2y , and E q 2z , respectively:
(37) The shielding effectiveness of the point Q in the cavity is
where E q is the electric field strength of the point Q when the cavity exists, and E q is the electric field strength of the point Q when the cavity does not exist. The shielding effectiveness of the point Q is also valid for the situation when there is no relation between the aperture in the plane x − y and the aperture in the plane y − z. 
III. VALIDATION OF SIMULATION
The dimensions of the rectangular cavity are a × b × d = 300 × 120 × 300 (mm). There is only one aperture in the cavity, and it is located in the plane x − y of the cavity, whose dimensions are l × w × t = 50 × 5 × 1.5 (mm). The rectangular cavity is made up of copper, whose permeability is μ 1 = μ 0 = 4π × 10 −7 H/m, and electrical conductivity is σ 1 = 5.8 × 10 7 S/m, where μ 0 is the permeability of free space. In order to simplify the simulation, the vertical incidence angle of the plane electromagnetic wave is taken as ψ = 0
• , the horizontal incidence angle is φ = 0
• , the polarization angle is α = 0
• , and the amplitude of the electric field strength is set to 1.
The center of the aperture is taken as X = 240 mm, Y = 60 mm, and the probe point P on the center line of the aperture in the cavity is p x = 240 mm, p y = 60 mm, p z = 150 mm. The electric modes are taken as m = 0, 1, 2, 3, 4, n= 0, 1, 2, 3, 4. The shielding effectiveness curve S E of the point P is shown in Fig. 4 .
There is a trough at about 700 MHz in Fig. 4 . The reason is that this frequency is the resonant frequency of the cavity, and the shielding effectiveness decreases sharply.
We can see from the comparison simulation that the method proposed in this paper can fit the shielding effectiveness data measured in the experiment better compared to the F. A. Po'ad's method in the literature [13] . This verifies the effectiveness and the accuracy of the model proposed in this paper. The shielding effectiveness of the cavity is a little higher than the measurements at the frequency band around 700 MHz in Fig. 4 . This is because the circuit boards, power supplies, and other contents introduce electromagnetic losses into enclosures. This affects shielding effectiveness, particularly at resonant frequencies.
To further verify the effectiveness and the accuracy of the model proposed in this paper, the box with two apertures in two different faces is simulated as an example in Fig. 5 . The dimensions of the rectangular cavity are a × b × d = 300 × 120 × 300 (mm). There are two apertures in the cavity, one is located in the plane x − y of the cavity, and another is located in the plane y − z of the cavity. They have the same dimensions: l × w × t = 50 × 5 × 1.5 (mm). In order to simplify the simulation, the vertical incidence angle of the plane electromagnetic wave is taken as ψ = 0
• , the horizontal incidence angle is φ = 30
• , the polarization angle is α = 0 • , and the amplitude of the electric field strength is set to 1. Other conditions are the same as simulation shown in Fig. 4 .
The center of the aperture in the plane x − y is taken as X = 240 mm, Y = 60 mm, and the center of the aperture in the plane y − z is taken as Y = 60 mm, Z = 200 mm. The probe point P is taken as the intersection of the two center lines of the apertures in the cavity, which is p x = 240 mm, p y = 60 mm, p z = 200 mm. The electric modes are taken as m = 0, 1, 2, 3, 4, n = 0, 1, 2, 3, 4. The shielding effectiveness curve S E of the point P is shown in Fig. 5 . We can see from the comparison simulation that the method proposed in this paper can fit the shielding effectiveness data simulated in CST very well.
IV. SIMULATION RESULTS
The dimensions of the aperture in the plane x − y are l × w × t = 50 × 5 × 1.5 (mm), and the dimensions of the aperture in the plane y − z are:
The center of the aperture in the plane x − y is taken as X = 240 mm, Y = 60 mm, and the center of the aperture in the plane y − z is taken as Y = 60 mm, Z = 200 mm. In order to simplify the simulation, the vertical incidence angle of the plane electromagnetic wave is taken as ψ = 0
• , and the polarization angle is α = 0
• . The positions of the probe point P are p x = 240 mm, p y = 60 mm, p z = 200 mm. Other conditions are the same as simulation shown in Fig. 4 . The electric modes are taken as m = 0, 1, 2, 3, 4, n = 0, 1, 2, 3, 4. The shielding effectiveness curve of the point P with different number of planes with the aperture is shown in Fig. 6 . We can see from Fig. 6 that the coupled electromagnetic energy will be much more if the number of planes with aperture is more. This means the shielding effectiveness will be lower.
The positions of the point P are p x = 240 mm, p y = 60 mm. In order to simplify the simulation, the center of the aperture in the plane y − z is changing with the variation of p z . The electric modes are taken as m = 0, 1, 2, 3, 4, n = 0, 1, 2, 3, 4.
Other conditions are the same as simulation shown in Fig. 6 . The shielding effectiveness curve of the point P with different p z is shown in Fig. 7 . Fig. 7 shows that, the longer the distance between the aperture in the plane x − y and the position of the probe point, the higher the shielding effectiveness of the point P . So, the devices in the cavity should stay away from the apertures in the design of products.
For further explanation, the frequencies of the source should be larger than the lowest external resonance frequency of the cavity and the observation point should be away from edges of the cavity.
V. CONCLUSION
The shielding effectiveness of a rectangular cavity with apertures in different planes irradiated by the plane electromagnetic wave is modeled in this paper. In the modeling process, the scattering voltage produced on the aperture is taken as the radiation source, the aperture is taken as equivalent impedance, and the rectangular cavity is taken as a rectangular waveguide with one end completely open and another end completely closed. The shielding effectiveness of any point in the cavity is calculated using transmission line theory. Compared to the referenced authors, the method proposed in this paper improves the completeness of the model and the computation speed which supplies good reference for engineering practice. The simulation results show that the longer the distances between the apertures and the position of the probe point, the higher the shielding effectiveness.
